
Introduction to Interstellar Dust The Quest for B-Modes Power of Ancillary Data Summary

Cosmology Through the Dust

Brandon Hensley

Jet Propulsion Laboratory
California Institute of Technology

c© 2017 California
Institute of Technology.

Government
sponsorship
acknowledged.

JPL Postdoc Seminar Series
August 3, 2017



Introduction to Interstellar Dust The Quest for B-Modes Power of Ancillary Data Summary

Some Specs of Dust

• Typical size of ∼ 0.1µm, but extends down to big
molecules and up to ∼ 0.5µm

• Made of carbon, silicon, oxygen, magnesium, iron (mostly)

• Appears to come in two distinct types: carbonaceous and
silicate
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Inevitable Question

Why would anyone study dust?
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The Astronomer’s Answer

Dust affects astronomical observations at nearly all
wavelengths, from X-ray to the radio, and must be corrected for!
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Reddening
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Interstellar Reddening
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Interstellar Reddening
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Interstellar Reddening
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Dust Emission
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The Cosmic Microwave Background
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The CMB Through the Dust
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B Mode Polarization
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Dust as a CMB Foreground
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Breakthrough Starshot
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Breakthrough Starshot

• Build gram-scale probes complete with navigation and
communication equipment, thrusters, etc.

• Build meter-sized and gram-mass light sails for probes

• Build array of lasers capable of achieving 100 Gigawatt
power levels

• Accelerate many probes to 0.2c toward Alpha Cen– will
arrive in 20 years
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Dust Collisions are Bad, Very Bad
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Why Study Dust?

Important to correct astronomical observations for dust effects
at nearly all wavelengths... but is that all?
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Why Study Dust?

Understanding interstellar dust is essential for a complete
astrophysical and cosmological picture of the universe.
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Dust and Our Origins: Stars

Giant molecular clouds need dust to form!
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Dust and Our Origins: Planets

Planets need dust to form!
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Dust Physics is Beautiful

• Spinning dust!

• Ferromagnetic dust!

• Quantum dust!
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Inevitable Question

Why would anyone study dust?
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Inevitable Question

Why isn’t everyone studying dust?
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Outline

1 Polarized dust emission as a CMB foreground

2 Using observations at other wavelengths to trace the dust
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The Quest for Primordial B-Modes

Credit: ESA/Planck
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Why is Dust Emission Polarized?

Two ingredients required:

1 Grains must be aspherical

2 Grains must be aligned
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Grain Shape
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Grain Shape
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Grain Alignment
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Grain Alignment
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Grain Alignment

Grain spins about ~J
~J systematically aligns with ~B
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Dust Complexities and Component Separation

Hensley & Bull, in prep.
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Key Questions

• Are the simple, widely-used models robust enough for
realistic dust complexity?

• What range of frequencies does an experiment need to
observe to perform effective dust subtraction?

• What dust complexities are most difficult for analysis and
how can they be best mitigated?
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Single Pixel Paradigm

1 Work with one realization of all non-dust components in the
microwave sky, set to representative amplitudes and SEDs
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The Microwave Sky in Intensity and Polarization
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Emission Components

Synchrotron
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Single Pixel Paradigm

1 Work with one realization of all non-dust components in the
microwave sky

2 Employ a suite of dust models encompassing a range of
dust physics
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A Suite of Dust Models
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Single Pixel Paradigm

1 Work with one realization of all non-dust components in the
microwave sky

2 Employ a suite of dust models encompassing a range of
dust physics

3 Employ a suite of mock instruments measuring in seven
log-spaced frequency bins

νmin = {15,20,25,30,35,40}GHz

νmax = {300,400,500,600,700,800}GHz
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Single Pixel Paradigm

1 Work with one realization of all non-dust components in the
microwave sky, set to representative amplitudes and SEDs

2 Employ a suite of dust models encompassing a range of
dust physics

3 Employ a suite of mock instruments measuring in seven
log-spaced frequency bins

4 Add noise based on forecasts for next-generation CMB
experiments (100 realizations)

5 Perform component separation
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Results

Let’s step through the results for each input dust model one by
one



Introduction to Interstellar Dust The Quest for B-Modes Power of Ancillary Data Summary

Simple Model
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Two Kinds of Dust

• Dust may not be homogeneous– empirical and physical
models suggest (at least) two distinct kinds of dust, silicate
and carbonaceous
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Fit With Simple Model
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Magnetic Dust

• Interstellar grains found by Stardust and Cassini were
amorphous silicate with iron inclusions

• Ferromagnetic iron can be emissive in the microwave due
to magnetic effects

• Polarized emission from magnetic iron is orthogonal to
polarized emission from non-magnetic grains, resulting in a
unique polarization signature
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A Suite of Dust Models
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Fit With Simple Model
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Cloud Model

Tassis & Pavlidou 2015
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Fit With Simple Model
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A Physical Model

• A physical model of dust based on realistic material
properties, grain size and temperature distributions,
nonspherical shapes, etc.

• Built to reproduce observed dust extinction, emission, and
polarization from UV to microwave

• Hensley & Draine 2017, coming soon!
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A Physical Model
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Fit With Simple Model
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Fit With More Complex Model
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Summary

• Next-generation CMB experiments will be sensitive to
deviations from a simple dust model

• High frequency channels (ν & 500 GHz) are important for
identifying when a poor model is being used (bad χ2)

• Even with generalized fitting formulae, depolarization, iron
grains, and non power law opacities (physical models) will
prove challenging for component separation
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Ancillary Data to the Rescue!

• Starlight polarization– PASIPHAE

• H I as a dust template
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Depolarization

Tassis & Pavlidou 2015
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PASIPHAE

Polar-Areas Stellar Imaging in Polarization High Accuracy
Experiment
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Depolarization

Tassis & Pavlidou 2015
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The Survey

• > 9000 square degrees at |b| > 50◦

• > 106 polarization measurements to 0.3% at 3σ for all
stars with R ≤ 16.5 mag (∼300 per square degree!)

• Concurrent north and south surveys from Skinakas, Crete
(1.3 m) and SAAO (1 m) during 2019 - 2022
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Stellar Polarization: Current State
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Stellar Polarization Revolution!



Introduction to Interstellar Dust The Quest for B-Modes Power of Ancillary Data Summary

Implications for CMB

• First task: mask areas where magnetic field changes
dramatically along line of sight (e.g. overlapping clouds)

• More ambitious: work out 3D magnetic field geometry!

• Opens new windows into interstellar turbulence, coupling
of B-fields to structures, connection between optical and
FIR dust polarization, cosmic ray propagation...
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A New Interstellar Reddening Map

Lenz, Hensley, & Doré, arXiv:1706.00011
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Motivation

• Every optical observation is to some extent reddened by
dust

• Maps of dust reddening are some of the most useful data
products in astronomy

• Made by deriving a relationship between reddening and a
tracer of the dust column

• The seminal SFD reddening map used FIR dust emission
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Problems with FIR

• Emission -> dust column requires a temperature correction

• Contamination from galaxies and zodiacal light

• Solution: HI as a dust tracer
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Fit to H I
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Make a Map

0 0.05E(B − V )model [mag]
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External Calibrator

• Peek & Graves 2010 made a map of corrections to SFD
using direct reddening measurements of quiescent
galaxies

• Only 4.5◦ resolution over part of the sky, but good for
comparison

• A comparison of their corrections to SFD with our residuals
with SFD...
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Peek & Graves Comparison

-0.01 0.01SFD - PG10 [mag]
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Peek & Graves Comparison

-0.01 0.01SFD - PG10 [mag] -0.01 0.01SFD - Model [mag]
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Why is this Important?

We argue we have the best reddening map on the market at
low column densities.
• If SFD is contaminated by galaxies, use of the SFD map in

cosmological studies could be problematic. H I is robust to
this

• We have demonstrated that, at low column densities, H I is
an excellent template for dust, and can be used in
component separation, possibly in combination with other
ancillary data
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Summary

• The low noise levels of next generation CMB experiments
will likely push us past simple dust models

• Depolarization, iron grains, and non power law opacities
are each challenging complications, meriting more
modeling attention and high frequency coverage

• PASIPHAE will probe the high-latitude Galactic magnetic
field by measuring the polarization of ∼1 million stars

• H I is an excellent tracer of the dust column over much of
the sky and may be leveraged for component separation
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